Drugs that target TLRs are of considerable interest as potential inflammatory regulators, vaccine adjuvants, and novel immunotherapeutics. TLR2, in cooperation with either TLR1 or TLR6, mediates responses to a wide variety of microbial products as well as products of host tissue damage. In an effort to understand the structural basis of TLR2 recognition and uncover novel TLR2 agonists, a synthetic chemical library of 24,000 compounds was screened using an IL-8 driven-luciferase reporter in cells expressing these human receptors. The screening yielded several novel TLR2 dependent activators that utilize TLR1, TLR6, or both as co-receptors. These novel small molecule compounds are aromatic in nature and structurally unrelated to any known TLR2 agonists. The 3 most potent compounds do not exhibit synergistic activity, nor do they act as pseudoantagonists toward natural TLR2 activators. Interestingly, two of the compounds exhibit species specificity and are inactive toward murine peritoneal macrophages. Mutational analysis reveals that while the central extracellular region of TLR1 is required for stimulation, there are subtle differences in the mechanism of stimulation mediated by the synthetic compounds in comparison to natural lipoprotein agonists. The 3 most potent compounds activate cells in the nanomolar range and stimulate cytokine production form human peripheral blood monocytes. Our results confirm the utility of high throughput screens to uncover novel synthetic TLR2 agonists that may be of therapeutic benefit.
that enable leukocytes to access the site of infection as well as responses of professional antigen presenting cells essential for generating effective adaptive immunity (1, 2) . The primary triggers of these responses are a family of pattern recognition receptors known as Toll-like receptors (TLRs). Humans possess 10 TLR family members, numbered 1 through 10, subsets of which are expressed in leukocytes and the epithelial cells of mucosal surfaces (3, 4) . There are two major types of TLRs, those that reside in intracellular compartments and sense viral and bacterial nucleic acids and those that are expressed on the cell surface and sense outer membrane components of bacteria, fungi and protozoan organisms (5, 6) . TLRs also recognize numerous molecules arising from damage to self tissues and this mode of TLR activation appears to play a central role in a number of non-infectious chronic inflammatory conditions (7, 8) . While there are marked differences in signaling and gene induction across various TLRs, all cell surface TLRs engage a core signaling pathway culminating in the activation of NF-κB and the production of proinflammatory chemokines, cytokines and cell adhesion molecules (9, 10) .
TLR2 is a cell surface receptor that senses a remarkable variety of bacterial, fungal and viral products as well as inflammatory self components. Among TLR2 agonists, bacterial lipoproteins are by the far the most potent (11, 12) . Additional TLR2 agonists comprise a diversity of structures including bacterial and fungal lipids, acylated sugars and proteins, unmodified protein complexes as well as certain polysaccharides (13, 14) . TLR2 needs to form heterodimers with either TLR1 or TLR6 to generate signals and these TLR2/1 and TLR2/6 complexes discriminate different microbial products (15) . For example, triacylated bacterial lipoproteins (mimicked by the lipopeptide Pam 3 CSK 4 ) and diacylated lipoproteins (including the lipopeptide MALP-2, from mycoplasma) activate cells through TLR2/1 and TLR2/6 heterodimers, respectively (16, 17) . We have recently found that similar to TLR1, TLR10 also cooperates with TLR2 in the recognition of triacylated lipopeptides, however the signaling outcome remains unclear (18) . Additional co-receptors are essential for recognition of certain TLR2 agonists and thereby serve to increase the repertoire of agonists for this receptor (13, 14) .
Given their therapeutic potential, there is considerable interest in pharmaceuticals that modulate TLR activation. TLR antagonists hold great clinical promise for the treatment of numerous inflammatory conditions and are under investigation for the treatment of viral infections, redirecting allergic helper T cell responses, and as anti-cancer therapeutics (8, 19, 20) . Some TLR agonists also have proven safety and efficacy in humans as vaccine adjuvants and are currently in use in Europe (19, 21) . Synthetic lipopeptide agonists for TLR2 exhibit strong adjuvant activity when either mixed or directly conjugated to various antigens (22, 23) . In addition to lipopeptides, a variety of other natural TLR2 agonists exhibit adjuvant activity including zwitterionic polysaccharides from Group B Streptoccoccus (24) , Type IIb heat labile enterotoxin from enteropathogenic Escherichia coli (25) , and porin B from pathogenic Neisseriae spp. (26) .
Despite their potential clinical utility, no high throughput screens for synthetic compounds that stimulate TLR2 have been reported. In this paper the identification of novel synthetic TLR2 agonists by chemical library screening is presented. The structures of these small agonists are unrelated to any known natural agonists for TLR2. Mutagenesis studies indicate that TLR2/1 recognizes the compounds through mechanisms different from that of microbial lipopeptides. The compounds induce cytokine production in human peripheral blood monocytes suggesting they are worthy of further clinical development.
EXPERIMENTAL PROCEDURES
Reagents-D-Luciferin and coenzyme A trilithium salt were purchased from Sigma-Aldrich Corporation.
Luciferin solution and luciferase assay buffer has been described elsewhere (27) 
were individually purchased from Chembridge Corporation. Compounds were dissolved and diluted in DMSO. Plasmid Constructs-A common variant of human TLR1 represented by NCBI accession number AAI09095 is referred to as wild-type TLR1 in this paper and was used as the basis for generating various chimeric variants and mutants. The generation of TLR1 and TLR6 chimeric receptors were described previously (28) . The P315L polymorphic variant of TLR1 was generated as previously described based on the technique of overlap extension PCR (29) . TLR1 point mutants were generated by random mutagenesis using error-prone PCR (30) . Briefly, the central region of TLR1 was excised from a modified FLAG-tagged TLR1 construct with XbaI sites flanking LRRs 9-12 (28) . Error prone PCR protocol was performed on this fragment using forward CCAATCTAGAAACAACTTGGAATTCTTTCA TTAGGATCC and reverse CCAATCTAGATTGTTTAAGGTAAGACTTGA TAAGTTTGG primers. Error prone fragments were reinserted into TLR1 and the clones were screened by Clone Checker (Invitrogen, Carlsbad, CA) and verified by DNA sequencing. Screening  of the library revealed several TLR1 variants  (V311E, F314D, Q316K, Y320N, E321V, I328N,  V399D) with reduced responses to Pam 3 CSK 4 (18, 31) .
Cell CultureAll cultured cells were grown at 37°C in a humidified environment containing 5% CO 2 . Human colonic epithelial SW620 cells and murine macrophage RAW 264.7 cells were cultured in RPMI 1640 media containing 10%(v/v) fetal bovine serum (FBS) and 2mM L-glutamine. Murine peritoneal macrophages were cultured in RPMI 1640 media supplemented with 10%(v/v) FBS, 2mM L-glutamine, 100μg/ml streptomycin and 100U/ml penicillin. Human peripheral blood monocytes were cultured in RPMI 1640 media supplemented with 10% autologous plasma and 2mM L-glutamine. Chemical Library ScreeningThe chemical library was composed of approximately 23,000 compounds, among which 9,000 were from a private collection of the Department of Chemistry at the University of Illinois, and the rest were from Chembridge Corporation. All the compounds were kept in dimethylsulfoxide (DMSO) at 10mM in a 384-well plate format. The human colonic epithelial cell line SW620 was transiently co-transfected with TLRs 1, 2 and 6 along with a firefly luciferase reporter driven by the IL-8 gene promoter in a 10-cm tissue culture dish. One day post transfection, cells were trypsinized and reseeded into 384-well plates (Corning Corp., Corning, NY) at a density of approximately 10 4 cells per well in a total volume of 20 μl. The next day chemical compounds were added into each well using a 384-pin transfer apparatus which delivered 0.2~1μl of each compound at an approximate concentration of 100μM. Each plate contained wells treated with DMSO alone as a negative control as well as Pam 3 CSK 4 and MALP-2 as TLR2 agonist positive controls. The cells were incubated with individual compounds and controls for at least 6 hours followed by cell lysis in a volume of 20μl. Luciferase values were normalized to DMSO-treated cells to determine relative cell activation levels. Compounds with greater than 2.5 fold activity over DMSO alone were selected for a second round of screening. A total amount of 217 compounds were retested for TLR-dependent activity in SW620 cells transfected with the TLRs against those transfected with the empty expression vector pFLAG-CMV. Transient transfection assays-SW620 cells were cotransfected with various TLR combinations along with an IL-8 promoter driven firefly luciferase reporter and a Renilla luciferase transfection control reporter. The amount of DNA used for transfection was 20ng/ml for TLR2, 180ng/ml for TLR1, TLR6, or TLR1 variants, 150ng/ml for IL-8 driven luciferase gene and 50ng/ml for Renilla control. Transfection was mediated by using Fugene6 (Roche Applied Science, Indianapolis, IN) at a lipid volume to DNA weight ratio of 4:1. Two days after transfection, cells were stimulated with indicated agonists for at least 6 hours and cell lysates were collected. Luciferase enzyme activities were measured using the dual-luciferase reporter assay system (Promega, Madison, WI). The values of firefly luciferase were first divided by that of Renilla luciferase values to normalize the transfection efficiency in different wells. All the values were then normalized to those of unstimulated cells with empty pFLAG-CMV vector and reporters to determine the relative luciferase activity.
Stimulation of mouse peritoneal macrophages-
All animal experiments were conducted in accordance with a protocol approved by the University of Illinois Institutional Animal Care and Use Committee. Wild Type C57BL6 mice were purchased from Jackson Laboratory. TLR deficient mice were kind gifts of Dr. Shizou Akira (Osaka University, Japan). Murine peritoneal macrophages were isolated from the mouse peritoneal cavity. Peritoneal cells were suspended in the media described above and incubated in tissue culture plates for 2 hours. The non-adherent cells were removed by media change. Adherent cells were initially seeded at 2 × 10 5 cells per well in 96-well cell culture plates. Cells were treated with indicated compounds, lipopeptides or DMSO controls for 16 hours. The concentration of mouse IL-6 or TNF-α in culture supernatants were determined by ELISA according to manufacturer's instructions (Invitrogen, Carlsbad, CA). Stimulation of human peripheral blood monocytesBlood was obtained from healthy donors in accordance with a protocol approved by the University of Illinois Institutional Review Board. Human peripheral blood mononuclear cells were isolated from blood of healthy donors by Ficoll gradient centrifugation. CD14+ monocytes were further purified by magnetic negative selection (Miltenyi Biotec, Gladbach, Germany). The purified monocytes were cultured in the media described above at density of 1 × 10 5 cells per well in 96-well plates. Cells were treated with indicated compounds, lipopeptides or DMSO controls for 16 hours. The concentration of human TNF-α  in culture supernatants were determined by ELISA according to manufacturer's instructions (Invitrogen, Carlsbad, CA).
RESULTS

Identification of novel TLR2 agonists by chemical library screening.
We have previously shown that SW620, a human colonic epithelial cell line lacking endogenous expression of TLRs 1, 2 and 6, can be used to reconstitute receptor activity following transient transfection (28) . In these transfection assays, a firefly luciferase gene driven by the promoter of the IL-8 gene provides a robust reporter of TLR2/1 and TLR2/6 activity. To identify novel chemical compounds that activate TLR2 heterodimers, we adapted this assay to a 384-well format and screened a chemical library comprised of 24,000 individual synthetic compounds. The primary screen, based on a 2.5 fold enhancement of luciferase activity, yielded 217 initial hits. These 217 compounds were comparatively rescreened against SW620 cells transfected with empty FLAG-CMV vector to exclude compounds that activate the reporter in a TLR-independent fashion. This rescreening identified a total of 16 compounds with reproducible TLR2-dependent activation. In order to discriminate between TLR2/1 and TLR2/6 mediated activation, cells transfected with different combinations of TLRs were examined for their response to the 10 most potent compounds ( Fig  1A) . Most of the compounds were active toward cells co-expressing TLR2 and TLR1, while compound F was active toward cells expressing TLR2 and TLR6. Compound E appeared to be an agonist for both TLR2/1 and TLR2/6 receptor pairs. Transfection of TLR2 alone did not render SW620 cells responsive to any of the compounds supporting the idea that TLR2 requires other TLRs for activity.
All of the active compounds have low molecular masses ranging from 300 to 500 Daltons and are structurally unrelated to any known TLR2 agonists (Fig 1B) . Two of the most active compounds, B and C, share the same core structure consisting of 3-carboxylbenzothiophene linked via a carbonothioylamino bridge to an anilino group. It should be also noted that compound E and F, which activate cells through TLRs 2 and 6, also contain the same core chemical structure comprised of N~1~-(benzyl)-N~2~-(phenyl)-N~2~-(sulfonyl)gl ycinamide. The independent identification of compounds with similar core structures provides confidence that our screen has identified bona-fide TLR2 agonists. The compounds represent the physically smallest agonists for TLR2 reported to date. Compounds A, B and C are potent and TLR specific.
Compounds A, B and C were selected for further analyses as they exhibited the highest levels of TLR-dependent stimulation. The activation of TLR2/1 was detected at compound concentrations as low as 30 nM (10ng/ml) and stimulatory activities comparable to that of Pam 3 CSK 4 were achieved when the concentration reached 3 μM (1μg/ml). The does-response curves of compounds A and B continued to rise over a broad concentration and saturable levels of reporter activation were not observed even at 30 μM (10μg/ml). In contrast, despite structural similarity to compound B, compound C appears to reach saturable activation levels at a concentration of 300nM (100 ng/mL). Notably, none of the three compounds exhibited any activity toward TLR2/6, even at the highest concentration tested.
To confirm the specificity of the compounds for TLR1 and TLR2, we treated murine peritoneal macrophages derived from wild type, TLR1, TLR2, and TLR6 knockout mice with the compounds and measured stimulation of IL-6 production ( Fig 3A) . The control stimuli were triacylated lipopeptide PamOct 2 CSK 4 and diacylated lipopeptide MALP-2, which have been identified as strong murine TLR2/1 and TLR2/6 agonists, respectively (16, 32) . As expected, macrophages from both TLR2 and TLR6 deficient mice were unresponsive to MALP-2 stimulation while those from TLR1 deficient mice responded well. Conversely, the triacylated lipopeptide PamOct 2 CSK 4 showed reduced activity toward both TLR1 and TLR2 deficient cells but not TLR6 deficient cells. Compound A activated murine macrophages in both a TLR1 and a TLR2 dependent manner confirming its specificity toward these two receptors. In contrast, compounds B and C did not stimulate cytokine production even from macrophages derived from wild type mice. These results suggest that compounds B and C activate human but not mouse TLRs. To confirm this finding we examined the activity of the compounds toward RAW 267.4 cells (Fig 3B) . While compound A was active, compounds B and C failed to induce TNF-α production in this murine derived macrophage cell line. These results show that compound B and C exhibit species-specific activity for human, but not mouse TLR2/1. While inactive, neither compounds B or C were observed to have antagonistic activity for mouse TLR2 (data not shown).
Compounds A and B do not antagonize or synergize with lipopeptides.
Given the distinct structural features between the compounds and the lipopeptide agonists, we next tested the ability of these agonists to exhibit synergy in the activation of TLR2/1. Cells co-expressing TLRs 2 and 1 were stimulated with various concentrations of Pam 3 CSK 4 together with a constant concentration of compound A or compound B (Fig 4A) . An additive response was observed suggesting a lack of any synergistic interaction. As the concentration of Pam 3 CSK 4 exceeded 10ng/ml, the more potent stimulatory effect of Pam 3 CSK 4 began to overshadow that of the compounds suggesting that the former has a higher binding affinity for TLR2/1 compared to the latter. Given their weaker activity, we next examined whether the compounds could act as antagonists toward Pam 3 CSK 4. To this end, cells were incubated with compound A or compound B for 30 minutes prior to stimulation with Pam 3 CSK 4 ( Fig 4B) . No inhibition was observed suggesting that the weaker stimulatory activity of the compounds was due to either weaker receptor affinity and/or occupation of unique binding sites on the receptors compared to the lipopeptides. While compound A and compound B are structurally distinct small-molecule activators, we have observed that they do not exhibit synergism or antagonism with respect to each other (data not show).
The central LRRs of TLR1 are essential for activation by the compounds.
We have previously found that the central LRRs of TLR1 and TLR6 are responsible for discriminating between Pam 3 CSK 4 and MALP-2 agonists, respectively, using domain swapping experiments in which LRRs were exchanged between these two receptors (28) . In this approach, all of the chimeric receptors maintain activity toward one of the lipopeptide agonists, indicating that in all cases the solenoid structure is preserved. To define the region of the extracellular domain in TLR1 responsible for compound recognition, we examined the ability of our compounds to activate the chimeric receptor constructs in conjunction with TLR2 following transient transfection in SW620 cells (Fig 5) . As observed previously, wild type TLR1, in cooperation with TLR2, mediated robust responses to both compounds and Pam 3 CSK 4 . An N-terminal exchange construct T6(1-8)/T1, in which LRRs 1 through 8 of TLR1 were replaced with those of TLR6, was activated by the compounds and by Pam 3 CSK 4 . However, when the N-terminal replacement of TLR1 with TLR6 was extended to LRR12 (construct T6(1-12)/T1), responses to all the agonists were completely lost. Additionally, the reverse chimera T1(1-8)/T6, in which the first 8 LRRs of TLR6 were replaced with those of TLR1, was completely inactive toward all the agonists. Only when the first 12 N-terminal LRRs of TLR1 were replaced with those of TLR6, did the resulting chimera T1(1-12)/T6 exhibit any activity toward the compounds and Pam 3 CSK 4 . It is worthy to note that the activation of T1(1-12)/T6 by compounds B and C was barely detectable. Finally, an internal swap chimera T1(6-17)/T6, in which LRRs 6 through17 of TLR6 replaced those of TLR1, restored activity to all of the agonists. Taken together, these results indicate that similar to Pam 3 CSK 4, the central extracellular domain comprised of LRRs 9 through 12 of TLR1 is required for recognition of compound agonists.
Compound-mediated activation of TLR2/1 is distinct from that of Pam 3 CSK 4.
Sequential LRR motifs form spring-like structures in which each LRR contributes a single turn with hydrophobic residues buried in the interior of the solenoid (33, 34) . The crystal structure of the human TLR2/TLR1/Pam 3 CSK 4 complex reveals that the TLR1 and TLR2 solenoids form an m-shaped heterodimer in which the Pam 3 CSK 4 ligand is coordinately bound . In the complex the two acyl chains of the diacyl glycerol unit of Pam 3 CSK 4 are bound to a hydrophobic pocket of TLR2, whereas the third amide-bound acyl chain of the ligand interacts with a more narrow hydrophobic channel within the central region of TLR1 (Fig. 6A) . In addition to sharing ligand binding, the receptors themselves are predicted to make direct contacts in this central region through a number of hydrogen bonds and hydrophobic interactions (35) .
Given the importance of the central LRRs in the TLR2/1/lipopeptide complex, we generated a random mutagenesis library in which TLR1 variants with single amino acid changes were generated. Through screening of the library several TLR1 variants were identified that affect responses to Pam 3 CSK 4 (31) . To further explore the mechanisms by which TLR recognition of the small compounds and Pam 3 CSK 4 leads to cellular activation, we compared the responses of TLR1 point mutant receptor variants to the different TLR2/1 synthetic agonists. Tyr320 of TLR1 is predicted to make hydrophobic interactions with residues Leu324 and Tyr323 of TLR2. There are also predicted ionic interactions between Glu321 of TLR1 and Arg321 of TLR2 (Fig 6A) . The individual substitution of these TLR1 residues results in an overall partial loss of responses to both Pam 3 CSK 4 and the compounds (Fig 6B) . A charged amino acid substitution at Val339 of TLR1, which engages the center of a hydrophobic patch of TLR2 comprised of Phe322, Phe 349 and Leu371, resulted in a dramatic and uniform loss of receptor activity to all the agonists. These results suggest that unimpaired receptor dimer interaction is required to mediate efficient responses to both the chemical compounds and to the lipopeptides.
Several of the point mutants involve amino acid changes at positions 311 to 316 of TLR1. These residues form a loop that contributes to the receptor dimer interface and also reside at sites of interaction with the lipopeptide (Fig 6A) . In the TLR2/1/lipopeptide complex, Val311 of TLR1 appears to make hydrophobic contacts with a hydrophobic patch of TLR2 contributed by Leu350, Pro352 and Tyr376. A TLR1 variant in which Val311 of the loop is replaced with Glu retained activity toward Pam 3 CSK 4 but exhibited highly attenuated responses to compound A and partial activity to compounds B and C (Fig. 6B) . When Phe314, which appears to orient the protein backbone of the loop through intramolecular contacts with TLR1, is substituted with a charged Lys residue the responses to either lipopeptide or compound A are almost completely abolished, but those to either compound B or compound C are partially preserved. Pro315Leu is a naturally occurring polymorphism of TLR1 that exhibits highly attenuated responses to Pam 3 CSK 4 (29) . This proline residue resides in the channel that accommodates the peptide and is predicted to engage TLR2 through hydrophobic interactions (35) . Similar to lipopeptides, this receptor variant also displayed a highly attenuated activity to compound A, but responses to compounds B and C were partially retained (Fig. 6B) . In addition to the acyl chains, TLR1 also interacts with Pam 3 CSK 4 by forming a hydrogen bond between the side chain of Gln316 and the amide oxygen of the lipopeptide. The fact that substitution of Gln316 with lysine abrogated Pam 3 CSK 4 stimulation, indicates that this is an important receptor-ligand interaction. Interestingly, this TLR1 variant retained greater than half maximal responses to all the chemical compounds. Taken together, the results suggest that while the gross configuration of the TLR2/1 heterodimer in similar for the different agonists, there are subtle differences at the receptor interface important for driving cellular activation.
The compounds stimulate TNF-α production from human peripheral monocytes.
We next evaluated the ability of compounds A, B and C to activate human monocytes isolated from peripheral blood of healthy donors (Fig. 7) . We found that the compounds dose dependently activated TNF-α production in human monocytes. While all three compounds induced TNF-α release at micromolar concentrations, compounds B and C exhibited weaker activity than compound A. The fact that the compounds are able to activate primary human cells suggests that they may have clinical utility, perhaps as novel vaccine adjuvants.
DISCUSSION
In this study, we have adapted a cell based TLR2 activity assay to a format that permits screening of small chemical libraries for novel TLR2 agonists. The assay utilizes an SW620 epithelial cell line expressing TLRs 1, 2 and 6 as well as a luciferase reporter driven by the promoter of the IL-8 gene. This assay remains sensitive and robust, exhibiting a 30-50 fold increase in luciferase activity in response to TLR2 lipopeptide agonists, despite adaptation to a 384-well format in which measurements are derived from as few as 5,000 cells per well. An initial screen of 24,000 compounds provided 217 hits and a secondary screen, which permits as assessment of TLR2 dependency, revealed 5 compounds with greater than 5 fold activity. All 5 compounds share 5 or 6 atom-ring structures including phenol, thiophene and imidazole groups, which are absent in TLR2 natural agonists. Compounds B and C share a core (anilinocarbonothioyl) amino-benzothiophene structure. Similarly, compounds E and F are both sulfonylglycinamides with terminal phenyl groups. These compounds are the smallest TLR2 agonists identified to date and only slightly larger than the imidazoquinoline agonists for TLR7 and TLR8. The independent identification of structurally similar compounds from a diverse chemical library serves to validate the screening assay and demonstrates that it presents a robust method of identifying novel TLR2 agonists.
TLR activation involves agonist-induced receptor dimerization. This event brings together two receptor signaling domains which serve as platforms for the recruitment of adaptor molecules required to initiate signaling (9, 36) . The structure of the TLR2/1/Pam 3 CSK 4 complex reveals coordinate binding of the lipopeptide by both receptors in which two acyl chains are embedded within a hydrophobic pocket of TLR2 with the third amide linked acyl chain bound within a hydrophobic channel of TLR1 (35) . Additionally, hydrogen bonds between the glycerol and peptide backbone of Pam 3 CSK 4 and the TLRs, as well as direct contacts between the receptors themselves at the receptor dimer interface, contribute to stable heterodimer formation. As diacylated lipopeptide agonists of TLR2/6 lack the third amide linked acyl chain, the TLR2/6/Pam 2 CSK 4 complex relies more heavily on these latter interactions. Indeed, the crystal structure reveals that the hydrophobic channel of TLR6 cannot accommodate long acyl chains due to blockage by two phenylalanine residues (37) .
Assessment of both domain exchange and point mutants revealed that, similar to lipopeptides, activation by our compounds requires the central LRRs of TLR1. Strikingly, TLR1 residues Tyr320, Glu321 and Val339, which are farther removed from the Pam 3 CSK 4 binding site and appear to interact with TLR2 at the receptor dimer interface, make similar contributions to receptor activity independent of the agonist used. Taken together, these results suggest that the orientation and interactions between TLR1 and TLR2 in the activated heterodimer complex are similar irrespective of the agonist.
Despite these similarities, the lipopeptide and chemical agonists differ in their ability to activate TLR1 variants that possess individually altered residues located in the loop of LRR11. These residues line the lipopeptide binding pocket and many are presumed to interact with TLR2 at the receptor dimer interface. The stronger inhibitory effect of the Gln316 mutation on Pam 3 CSK 4 activation versus the compounds is supported by the crystal structure which predicts a hydrogen bond between this residue and the peptide backbone of the lipopeptide. However the differential effects of individual TLR1 mutations at Val311, Phe314 or Pro315 are harder to explain and suggest that the contribution of these residues, either to a ligand binding pocket or to interactions at the receptor dimer interface, is subtly different dependent upon the agonist. As expected however, the effect of TLR1 mutations on the activity of the structurally related compound B and C agonists is similar. Interestingly, compounds B and C were inactive toward murine cells and thus exhibit species specificity for human but not mouse TLR2/1. To our knowledge, the only other species specific TLR2 agonist reported to date is a tri-lauroylated lipopeptide which stimulates mouse but not human TLR2 (38).
The activity of our point mutants, and the fact that the bulky phenyl groups of our compounds are too large to be accommodated by the hydrophobic channel of TLR1, suggests that our compounds bind directly within the interface of the TLR2/1 heterodimer. It is important to note that even the most active compounds identified in our screen are approximately 3 orders of magnitude less potent in the TLR2 activation assay than the lipopeptide control agonists (Fig 2) . This is perhaps not surprising given that none of the screened chemical libraries contained compounds with long acyl chains which are known to contribute to ligand binding and heterodimer formation. Similarly, a wide variety of naturally occurring agonists which lack acyl chains are far less potent TLR2 activators than bacterial lipopeptides and lipoproteins (13, 14) . Since TLR2 mediates responses to such a wide range of agonists, additional ligand docking analyses, mutagenesis studies and crystal structures will be required to fully understand the full scope of interactions that can ultimately drive heterodimer formation and activation of TLR2 complexes.
The incorporation of TLR agonists in vaccine development represents a promising mechanism to boost immune responses to infectious agents and tumor antigens. However, inflammatory toxicity associated with strong TLR agonists limits their broad application (39,40). The TLR2-dependent adjuvants under development include lipopeptides, zwitterionic polysaccharides and larger bacterial derived proteins (22) (23) (24) (25) (26) . While we have not tested compounds A, B and C for adjuvanticity, we have observed that these synthetic TLR2 agonists weakly induce TNF-α production from human monocytes (Fig 7) . We have also found that even at high concentrations the compounds fail to activate TLR2 as potently as lipopeptides (Fig 2) . This may be of clinical benefit as such weak or partial agonists often avoid the toxicity associated with strong inflammation. For example, the LPS analogue monophosphoryl lipid A is a weak or partial TLR4 agonist and an effective adjuvant in Hepatitis B vaccine formulations approved in Europe and Argentina. The small size and defined chemistry of the compounds also favors direct conjugation to antigen, an approach with lipopeptide that elicits robust antibody responses to tumor antigens in mice (41).
In conclusion, the high-throughput screening assay developed in this study has uncovered novel synthetic small molecule TLR2 agonists. Next generation analogues of the compounds may exhibit pharmacologic and clinically favorable characteristics and will enable a closer examination of the structure-function relationship between agonists and TLR2 complexes.
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